Abstract The rheological standards currently used for classifying refined wheat flour for technological quality of bread are also used for whole wheat flours. The aim of this study was to evaluate the rheological and technological behavior of different whole wheat flours, as well as premixes of refined wheat flour with different replacement levels of wheat bran, to develop a dimensionless number that assigns a numerical scale using results of rheological parameters to solve this problem. Through farinograph and extensograph results, most whole wheat flours evaluated presented parameters recommended for bread making, according to the current classification. However, the specific volume of breads elaborated with these flours was not suitable, that is, the rheological analyses were not able to predict the specific volume of pan bread. The development of the Sehn-Steel dimensionless number allowed establishing a classification of whole wheat flours as ''suitable'' (Sehn-Steel dimensionless number between 62 and 200) or ''unsuitable'' for the production of pan bread (Sehn-Steel dimensionless number lower than 62). Moreover, an equation that can predict the specific volume of whole pan bread through this dimensionless number was developed.
Introduction
Rheological tests on wheat flour can assist the baking industry to predict dough characteristics during processing and final product quality (Schmiele et al. 2012) . Within the industry (milling and bakery industries), various devices are used to measure the rheological properties of doughs prepared with wheat flour, and the farinograph, the extensograph and the alveograph are the most commonly used for providing data to evaluate the performance during processing and quality control (Dobraszczyk 1997) .
All wheat-based products require flour with specific technological characteristics. The choice of the flour has a strong effect on the ability to formulate an acceptable product (Schmiele et al. 2012) . For the baking process, the components of the bran (in particular the fiber, the main biochemical component of the bran) and germ fractions may affect dough rheological properties and, consequently, alter important characteristics of the final product (Khalid et al. 2017) . These changes occur because the bran components disrupt the gluten matrix network; thus, reducing its functionality to retain loaf structure during fermentation and baking. The fibers also compete for water with other polymers (proteins and starch), disrupt dough viscoelastic properties and lead to weaker doughs (Rosell et al. 2010; Khalid et al. 2017) .
The effects of the addition of these fractions depend on the type of bran (with or without germ, coarse or fine) and on bran replacement levels, which can increase water absorption, reduce dough strength, increase dough viscosity, decreasing mixing and proofing tolerance during processing. Furthermore, they can change the volume, color and sensory characteristics of bread (Zhang and Moore 1997; Hung et al. 2007; Seyer and Gélinas 2009) .
A major difficulty found by milling and bakery industries is the correlation of the rheological standards currently used (Mailhot and Patton 1988; Preston and Hoseney 1991; Brasil 2010) , which classify refined wheat flours for different applications based on their rheological properties, when using whole wheat flours. The greatest deficiency occurs due to lack of correlation between farinograph and extensograph parameters of whole grain flour and technological characteristics of the final product.
In Brazil, whole wheat flour consists of the reincorporation of bran fractions with or without germ to refined wheat flour, and differs from whole grain wheat flour because it does not necessarily contain the same proportions of the wheat grain. The Brazilian legislation (Brasil 2005) does not establish the minimum proportion of bran and germ required in the refined wheat flour mixture to label a product as originating from whole wheat flour. This is different in other countries, such as Canada, where whole wheat flour must contain the natural constituents of the wheat grain to an extent of at least 95% of the total wheat weight; or in the United States, where whole wheat flour is the product obtained by milling clean wheat, containing the natural constituents of wheat in unchanged proportions (FDR 2017; FDA 1996) .
In order to classify whole wheat flours, the development of a dimensionless number that assigns a numerical scale using results of farinograph and extensograph analyses can be a useful tool. Dimensionless numbers are extremely useful to plan and correlate experimental research projects or to interpret the results of experiments. When variables can be identified with some uncertainty, it is possible to group the variables in dimensionless terms expressing certain ratios, by using techniques of dimensional analysis (Vuolo 1996) .
The objective of this study was to evaluate the rheological behavior of different whole wheat flours purchased in commercial establishments, and refined wheat flour premixes with different levels of wheat bran replacement (fine and coarse bran), and to develop a dimensionless number capable of classifying whole wheat flours through the specific volume of breads made with these flours.
Materials and methods

Material
Eleven commercial samples of whole wheat flour acquired in commercial establishments were used. For pre-mixes formulation, a refined wheat flour (WF), and two wheat bran samples, fine (FWB), and coarse (CWB), were used, all produced by Moinho Anaconda (BRA). All the samples studied were of the Triticum aestivum species.
Methods
Characterization of raw materials
The raw materials (11 commercial whole wheat flours named as samples 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 11, WF, FWB, and CWB) were characterized in triplicate for moisture, protein, fat and ash contents according to methods 44-15.02, 46-13.01, 30-25 .00 and 08-01.01 of the AACCI (2010), respectively; total dietary fiber and particle size distribution were determined according to methods 985.29 and 965.22 of the AOAC (2000), respectively.
Rheological characterization of whole wheat flours and pre-mixes
The refined wheat flour was partially replaced by fine bran (samples 12, 13, 14, and 15) and coarse bran (samples 16, 17, 18, and 19 ) in a proportion of 5, 10, 20, 30% respectively, totaling 8 pre-mixes. The pre-mixes were prepared in a V-blender (TE 200/5, Tecnal, BRA), by mixing portions of 4 kg during 20 min each. The refined wheat flour (WF) was used as control (sample 20).
The commercial whole wheat flours, pre-mixes and refined wheat flour were characterized through farinograph analysis (water absorption, dough development time, stability and mixing tolerance index), according to method 54-21.01 of the AACCI (2010), using a farinograph (827505, Brabender, DEU); and through extensograph analysis (resistance to extension and extensibility), according to method 54-10.01 of the AACCI (2010), in a extensograph (860703, Brabender, DEU). Although some tests using an alveograph were performed, this analysis was not suitable for whole wheat flours, once the excessive resistance caused by the fibers altered the calibration of the equipment.
Manufacture of pan breads
All breads were processed in duplicate using the same formulation, replacing only the flour by commercial whole wheat flour or pre-mix with fine or coarse wheat bran (samples 1-20, as described in the previous sections).
The pan breads were prepared in accordance with Schmiele et al. (2012) , with modifications: refined wheat flour, whole wheat flour or pre-mix (100%); sucrose (4%); sodium chloride (1.8%); instant dry yeast (2%); whole milk powder (4%); vegetable shortening (4%); calcium propionate (0.6%) and fungal alpha-amylase (0.0025%) (flour basis). The amount of water was calculated from the water absorption obtained in the farinograph analysis (Table 3 ).
The ingredients were mixed in a mixer (HAE10, Hypolito, BRA), at low speed (*90 rpm) for 5 min, and at high speed (*210 rpm) until the optimal development of the gluten network. The dough was divided into portions of 450 ± 1 g, which were molded in an molder (MPS 350, GPaniz, BRA) , placed in open pans (dimensions 20 cm 9 10 cm 9 5 cm), and proofed in a proofing chamber (CCKU 5868 20-1, Super Freezer, BRA), at 30°C, and 80% RH, until the optimum fermentation time.
The breads were baked in an electric oven (IP 4/80, Haas, BRA), adjusted to temperatures of 170°C (top temperature) and 185°C (hearth temperature), for 30 min. After baking, the breads were removed from the pans and cooled for 3 h at room temperature. Then, the specific volume (mL/g) was determined in triplicate according to method 10-05.01 of the AACCI (2010).
Statistical analysis
Tukey's test was used for comparisons of the means of chemical composition, rheological results of flours and bran, and bread specific volume, using Statistica 7.0 software (Statsoft, USA).
The rheological parameters of commercial whole grain flours and pre-mixes, and the specific volume of pan breads were subjected to linear regression analysis (least squares method) for adjustment of linear and quadratic functions, using Statistica 7.0 software (Statsoft, USA).
The development of the Sehn-Steel dimensionless number aimed to organize the whole flour categories to assign a numerical scale using results of rheological variables (farinograph and extensograph) by smoothing parameters, concurrently with the application of the maximum likelihood approach (Vuolo 1996) , to determine the exponents of the Sehn-Steel dimensionless function.
According to Vuolo (1996) , the maximum likelihood approach adjusts the best function f (x) to a set of experimental points. In the specific case of adjusting a function to a set of data points, the maximum likelihood approach can be adjusted as the best function f (x) to describe a set of data points, which is most likely to be possible if the function f (x) is accepted as a true function. The main tools used to adjust the functions were Statistica and MS-Excel softwares using numerical analysis and linear regression.
Results and discussion
Characterization of raw materials Table 1 presents the results of the chemical composition of the raw materials. Wheat bran of fine and coarse particle sizes showed higher protein (17.77 and 16.71%), lipids (3.75 and 3.72%), ash (5.54 and 5.94%) and dietary fiber (44.56 and 54.17%) contents than commercial whole wheat flours and refined wheat flour. Wheat bran is obtained from the outer layers of the wheat grain, it mainly consists of pericarp, aleurone, and germ. The protein in these fractions consists of the proteins from bran and germ (albumins and globulins), which have high nutritional value, but low technological quality for baking. The proteins in the endosperm (gliadins and glutenins) were reported to be responsible for dough viscoelastic properties and the formation of the gluten network, a key step in the baking process.
With respect to the whole wheat flours, samples 4 and 10 showed high fiber (17.84 and 15.50%, respectively) and ash (1.82 and 1.83%, respectively) contents, evidencing that the greater the proportion of bran (and fibers), the higher the ash content, since these minerals are present in higher concentrations in the outer parts of the grain, that is, in the bran. The replacement of 30% WF by fine and coarse bran resulted in samples with 15.77 and 18.65% total dietary fiber, respectively (calculated according to the fiber content of the refined flour and wheat bran), which are similar to the values found in samples 4 and 10. These whole wheat flours acquired in commercial establishments must contain similar percentages (close to 30%) of wheat bran in their composition.
Concerning the particle size (Table 2 ) of the whole wheat flours and bran, they can be classified as coarse (samples 4, 10, and CWB) and fine (samples 1, 2, 3, 5, 6, 7, 8, 9, 11 and FWB) , according to the classification described by Zhang and Moore (1997) , who studied whole flours with different particle sizes. These authors found that the flours with 40% or more particles greater than 0.500 mm (32 mesh) were classified as coarse, while flours containing 60% or more particles smaller than or equal to 0.500 mm (32 mesh) were classified as fine. The particle size influences the water absorption and retention parameters, as well as the dough rheological properties (Al-Saqer et al. 2000) . In a study by Wang et al. (2017) , fine particles resulted in a shorter dough development time, but greater stability was achieved with smaller particles, which reflected in a stronger gluten network in the dough.
Rheological analysis of whole grain flour (commercial and pre-mixes) and specific volume of pan breads Table 3 shows the results of farinograph and extensograph analyses, specific volume of the pan breads made with commercial whole wheat flours, pre-mixes, and refined flour, as well as the Sehn-Steel dimensionless numbers calculated for classification of these samples.
In the farinograph analysis, with respect to the water absorption (WA), the control sample showed a lower value (58.20%), when compared to the whole flour samples (60.07-68.90% for samples 9 and 15, respectively). The high WA value of the whole wheat flours is explained by a greater number of hydroxyl groups in the fiber structure, which allows more associations with water molecules through hydrogen bonding, increase competition for water with other polymers such as proteins and starch, and influence water distribution in the dough (Rosell et al. 2010; Bock et al. 2013) .
The highest dough development time (DDT) was found for refined wheat flour (15.33 min). Amongst whole grain flours, samples 10 and 17 had the highest DDT (13.40 and 13.37 min, respectively). For stability (S), refined flour also presented the highest value (23.07 min), followed by whole flours 12, 16 and 19 (18.40, 20.27 and 19.03 min, respectively) . The mixing tolerance index (MTI) ranged from 13.00 BU (sample 19) to 91.33 BU (sample 1). However, for this parameter, the low MTI values of some whole wheat flours did not represent better flour quality, but a great interference of the fibers in the consistency of the dough. According to Kaur et al. (2016) , dough strength may be related both to the content and the characteristics of the proteins of wheat flour, in particular of gliadins and glutenins. Among the commercial whole flours analyzed in this work, samples 8 and 10 showed high protein levels (13.42 and 12.99%, respectively), however sample 8 did not present high DDT (8.57 min), and sample 10 did not present high S (7.43 min), indicating that the higher protein content did not reflect in higher dough strength (using these measurements) for whole wheat flours. Earlier, Singh et al. (2016) , reported positive correlations were found between the DDT and S parameters and the extractable and unextractable polymeric proteins (which represent the glutenins and were responsible for the elasticity of the dough); and negative correlations were found with the extractable and unextractable monomeric proteins (which represent the gliadins and are responsible for the extensibility of the dough); therefore, glutenin, when present in greater proportions, reflects in greater dough strength. However, in this work, the high S values of some whole flours cannot be attributed only to a higher proportion of glutenin, but to the presence of fibers, which alter the consistency of the dough, causing a false positive result instead of a more stable gluten network.
Regarding the resistance to extension at 45 and 135 min, the highest values were observed for sample 9 (590.33 and 1097.00 BU, respectively), which were higher than sample 20 (refined wheat flour) with values of 524.67 and 997.67 BU at 45 and 135 min, respectively. The lowest values were found for sample 4 (249.67 BU) at 45 min, and sample 1 (302.33 BU) at 135 min. A large variation was also found for the extensibility parameter. The whole samples ranged from 68.00 to 131.67 mm at 45 min and 52.67-107.33 mm at 135 min for samples 19 and 12, respectively. Sample 20 (refined wheat flour) had intermediate values (125 and 93.33 mm) in both periods.
A wide variation between the results was observed for all rheological analyses, evidencing that the components of the whole grain flours, especially the fiber fraction, have a significant effect on these analyses.
The results showed that the vast majority of the whole grain flours analyzed, if current classification parameters were used, would have suitable characteristics for the production of pan breads, as reported by Mailhot and Patton (1988) , with medium to high water absorption (60-65%), dough development time from 6 to 8 min, and dough stability of at least 7.5 min. However, when evaluating the specific volumes of the breads made with these flours (Table 3) , it was observed that, unlike what happens with the refined wheat flour, these rheological parameters are not able to predict the technological characteristics of pan breads made with the whole wheat flour.
Among the commercial samples, sample 9 showed the highest specific volume (3.80 mL/g), lower fiber content (7.99%), and also high values for DDT and S in the farinograph analysis (12.23 and 12.34 min); and R in the extensograph analysis (590.33 and 1097.00 BU, at 45 and 135 min, respectively), which possibly indicates that the flour in which the wheat bran was reincorporated was strong, suitable for bread making. The same can be observed with samples 12, 13, 16 and 17 (specific volumes of 4.43, 3.89, 4.18, and 3.96 mL/g, respectively), among the samples prepared with substitution of part of the refined wheat flour by wheat bran. The refined wheat flour used in the present study was strong (sample 20), which proves to be an important factor in the production of whole breads with good appearance (high specific volume). In addition, substitutions of up to 10% wheat bran did not cause drastic changes in the specific volume of pan bread, which is the threshold value to obtain pan bread with good specific volume without the use of additives and processing aids.
Samples 4, 10, 15, and 19 had lower specific volumes (2.16, 2.16, 2.11, and 2.16 mL/g, respectively) and higher fiber contents, since samples 15 and 19 were the samples with greater substitutions by wheat bran (30%), confirming that the bran may weaken the gluten network by interactions between proteins and fiber, and dilution of the gluten network, thereby reducing the volume of bread (Gan et al. 1992; Noort et al. 2010 ). According to Noort et al. (2010) , the addition of wheat bran to the dough has a negative effect on the specific volume of breads. These authors have shown that the fiber interacted physically and chemically with gluten-forming proteins, hampering protein aggregation, resulting in reduced stability of the gas cells. Furthermore, according to them, the dilution effect of the gluten network caused by fiber incorporation may be a secondary effect responsible for the decrease in bread volume.
As reported by Zhang and Moore (1997) , the particle size of wheat bran has a significant effect on the specific volume and sensory quality of bread, where finer particles tend to result in lower specific volumes, while coarser particles lead to a lower acceptance of the bread. In contrast, Wang et al. (2017) suggest, in their study, that smaller particles can improve the quality of whole wheat breads by strengthening the gluten network in the dough, resulting in bread with higher specific volume and better crumb grain structure. In this study, flours of both particle sizes, fine and coarse, had low specific volumes when associated with high fiber contents; however, the effect was greater when coarse particles were used. Figure 1 shows images of the central slices of the whole pan breads. Ishida and Steel (2014) studied different commercial whole pan breads and found the lowest specific volume was 3.88 mL/g. This value was used as the specific volume reference for the selection of suitable or unsuitable whole wheat flours for bread making. Suitable whole wheat flours for bread making can produce breads with a specific volume equal to or greater than 3.8 mL/g using the formulation described in the Materials and methods section, without the use of additives and processing aids. On the other hand, unsuitable whole wheat flours produce whole breads with a lower specific volume (\3.8 mL/g). For the unsuitable whole flours, a more detailed study using different additives and processing aids (enzymes) is required for application in the production of whole pan breads.
Sehn-Steel dimensionless number
The variables of the farinograph analysis used for determining the Sehn-Steel dimensionless number were water absorption, dough development time, dough stability, and mixing tolerance index, while the extensograph variables were resistance to extension and extensibility at 45 and 135 min. The intermediate time of 90 min was not used, since the difference between the maximum and minimum values of the dimensionless number calculated using the times of 135 and 45 min was greater than the difference using the maximum and minimum values at 90 and 45 min. The development of the Sehn-Steel dimensionless number involved calculations to select the rheological results of the whole grain flour by smoothing parameters, concurrently with the application of the maximum likelihood approach to determine the exponents, as described in Eq. 1. 
where WA, water absorption of the flour (g/100 g); 14, medium water content in wheat flour (14 g/100 g); S, dough stability (minutes); DDT, dough development time (minutes); 500, resistance of the dough to extension, expressed in arbitrary units (BU); MTI, mixing tolerance index (BU); E45, dough extensibility at 45 min (mm); E135, dough extensibility at 135 min (mm); R45, resistance to extension or elasticity of the dough at 45 min (BU); R135, resistance to extension or elasticity of the dough at 135 min (BU). Table 3 shows the Sehn-Steel dimensionless numbers for all samples of this study, calculated according to Eq. 1. Figure 2 shows the results of the specific volume as a function of the Sehn-Steel dimensionless number. Some results were considered outliers in the statistical data. These results were excluded from this set of points, and the set of remaining points showed the geometric formation of a parabola with the maximum Sehn-Steel dimensionless number of 140-160 (Fig. 2) .
After the removal of the outliers, the sample with replacement of 10% bran (F17) had results outside the classification, probably as the classification is artificial and uses a stochastic model. The removal of these outliers did not cause impairment to the classification.
The classification of whole grain flours using the SehnSteel dimensionless number is proposed according to Eq. 1. Two classes were established using the specific volume as technological quality parameter (Table 4) . Thus, the flours that yield pan breads with specific volumes below 3.8 mL/g, and have Sehn-Steel dimensionless numbers between 0 and 62 were considered ''unsuitable'' flours, while flours that yield pan breads with specific volumes of 3.8 mL/g or higher, and have Sehn-Steel dimensionless numbers between 62 and 200 were considered ''suitable'' for bread making.
Analysis of variance of the quadratic adjustment and statistical model of the specific volume as a function of the Sehn-Steel dimensionless number
For the analysis of variance of the relationship between the specific volume and the Sehn-Steel dimensionless number, the probability of significance found was of 0.00000 (p B 0.05), confirming that the linear regression model was statistically significant. The proportion of explained variance (R 2 ) found was of 0.64. A statistical model was created to predict the specific volume of pan breads made with whole wheat flour (Eq. 2), using the Sehn-Steel dimensionless number. 
where SV, specific volume; Sehn-Steel, dimensionless number calculated according to Eq. 1; e, experimental error. This equation uses the Sehn-Steel dimensionless number (as an independent variable to describe the behavior of the specific volume of pan breads with whole wheat flours) and can be applied to different particle sizes, without the need for a distinction or previous particle size analysis. The Sehn-Steel dimensionless number is calculated using the results of rheological analysis (farinograph and extensograph), thus it is possible to determine it and predict the specific volume of pan breads made with whole wheat flour.
Conclusion
This study developed the Sehn-Steel dimensionless number, which allows establishing a classification of whole wheat flours indicating its suitability for the production of pan breads, using as a criterion the specific volume. Thus, whole flours with a Sehn-Steel dimensionless number lower than 62 may be considered ''unsuitable'', while whole flours with number between 62 and 200 may be considered ''suitable'' for bread making. Also, an equation that predicts the specific volume of breads made with whole wheat flour using the Sehn-Steel dimensionless number was developed. This classification can be used to predict the technological quality of whole wheat flour thus helping mills and bakery industries to select the most suitable flours for pan bread making. 
